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Discriminating moisture sources with precision is an important requirement to better understand the
processes involved in extreme rainfall episodes. In a previous contribution by Gangoiti et al. (2011b),
an innovative technique was presented to assess surface moisture sources contributing to a target pre-
cipitation within a Lagrangian framework. The technique was based in transporting parcels of vapor, rep-
resenting the target precipitation, across a set of nested grids covering a large area at different
resolutions. A mesoscale model estimated the meteorological variables to transport and redistribute
the vapor back into its original sources, all of them assumed to be at the surface. The sequence of extreme
rainfall events, which occurred over central Europe on August 11–13, 2002, was chosen to put the
methodology to test. An important innovation has now been introduced. This new advance allows dis-
criminating not only the terrestrial and oceanic sources but also the evaporation from precipitation
occurring below the clouds and falling either on land or on the open sea. It is also able to detect with
greater precision the relative importance of remote versus local sources, together with the sequence of
evaporation of a rainfall event. After its application to the same episode and targets, our results confirm
a similar distribution and strength of surface terrestrial and marine sources. Furthermore, the estimated
direct evaporation from precipitation columns contributes to the precipitation episode with a significant
amount of moisture which averages around 18% of the total sources, with a main fraction evaporated over
land and close to the target regions in central Europe. This contribution adds to the surface sources, and it
is consistent with the existence of an important mechanism of positive feedback for the inland transport
efficiency of moisture and precipitation, operating at the regional level for this type of episodes.
Significant regional differences are found in the contribution to different rainfall targets, with a lower
fraction of 14% for the southern target (Upper Austria), and 22% for the northern one (Bohemia).
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The water holding capacity of air increases at higher tempera-
tures, and in a global warming climate scenario there must be an
increase in precipitation totals to compensate for the enhanced
evaporation. It seems that the distribution of relative humidity in
the troposphere would remain approximately constant (Allen
and Ingram, 2002), and consequently we should expect, following
the Clausius–Clapeyron relation, that precipitation should increase
roughly exponentially with temperature (7% per Kelvin), at leastfor heavy rainfalls, which are likely to occur when all the moisture
in a volume of air is effectively precipitated out (Trenberth et al.,
2003; Allen and Ingram, 2002). Hence, whenever the lifting mech-
anism results in saturation, thunderstorms, orographic rainfall,
extratropical depressions and tropical cyclones, while being fed
with increased moisture, will produce more precipitation. Indeed,
observed changes in daily precipitation extremes seem to be con-
sistent with Clausius–Clapeyron related 7% increase per degree of
warming, although Lenderink and Meijgaard (2008) have found
that hourly precipitation extremes could even be beyond that
percentage.
However, observations of global precipitation do not show such
a general increase of 7% per Kelvin. Instead, large regional
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subtropics and tropics outside of the monsoon trough, and
increases in land precipitation at higher latitudes, notably over
North America and Eurasia (Trenberth et al., 2007). These changes
are in accordance with a poleward shift of the mid-latitude low
tracks, with the tropics becoming wider and the convergence zones
narrower (Trenberth, 2011). A decrease in the annual totals is espe-
cially evident in the Mediterranean; this is associated not only with
the increase in the frequency and persistence of sub-tropical anti-
cyclones, but also with increases in surface temperature and the
atmospheric demand for moisture. In addition, even where total
precipitation is decreasing, more intense precipitation events are
observed to be occurring widely (Trenberth, 2011).
Synoptic variations related to changes in mid-latitude low
tracks and the occurrence and persistence of blocking anticyclones
can change the water budget of a region, highly dependent on rain-
fall recycling, which is most significant in summer conditions, as
shown by Van der Ent and Savenije (2011): the northern Mediter-
ranean is shown to be the region of Europe with the strongest soil-
atmosphere feedback and the lowest time and length scales of
atmospheric moisture recycling. This mechanism is sensitive to
the land use modifications and even to the increased levels of air
pollution (Millán et al., 2005; Millán, 2014), which have been oper-
ating in the Mediterranean region at different time scales from
decades to centuries (Millán et al., 2005), resulting in a trend
towards the loss of summer precipitations.
Drought in the Mediterranean is accompanied by stronger rain-
fall events despite a clear reduction in the number of rainy days
(Brunetti et al., 2001; Alpert et al., 2002), which confirms the exis-
tence of a substantial change in the rainfall distribution. The suc-
cessive floods and droughts in this region are making flood
control and water resources management more challenging: wide-
spread floods in the summer of 2002 in southern and central Eur-
ope were followed by heat waves and droughts in 2003. A list of
the most significant summer floods in central Europe during the
last five decades can be found in Müller et al. (2009), where a series
of common synoptic patterns are found to characterize these types
of episodes. In this respect, after the torrential rainfall episodes in
the Alpine region during the last decades (Brunetti et al., 2001), the
scientific community has put the focus on this region, located at
the boundary between the Atlantic temperate climate of Western
Europe and that of the Mediterranean. One of the main concerns
is the role of the Mediterranean Sea and the Atlantic Ocean as pri-
mary sources of vapor for these heavy rain episodes (Turato et al.,
2004; Ulbrich et al., 2003; James et al., 2004; Sodemann and
Zubler, 2010; Winschall et al., 2011), as well as the search for
changes in land use and sea surface temperatures which could be
behind the observed trends in the frequency and intensity of the
episodes (Millán et al., 2005).
In this context, the capability of discriminating moisture
sources with precision is an important requirement to better
understand the mechanisms of extreme rainfalls and droughts. A
summary and comparison of different approaches to identify
sources and sinks of atmospheric moisture is found in Gimeno
et al. (2012), where particular consideration is given to a range of
recently developed Lagrangian techniques suitable for evaluating
the origin of rainfall during extreme events. This type of studies
could help to understand the changes in the source regions affect-
ing the occurrence and intensity of the episodes as discussed in
Gimeno (2014), the relative role of marine and terrestrial sources
to selected episodes (Dirmeyer and Brubaker, 1999), the character-
istic distances and timescales of evaporation/precipitation pro-
cesses, changes with sea surface temperature and land coverage,
among other issues, which could have an impact in hydrology, cli-
matology and weather forecasting. In a previous contribution
(Gangoiti et al., 2011b), referred to as G11-b, we presented a newmesoscale modeling system (hereafter MesoWat_Source) designed
to map evaporative regions of a precipitation event, which was
based in a Lagrangian approach for diagnosing the origin of mois-
ture that precipitates in a particular region. The paper also
included the main differences with other Lagrangian approaches
and showed the results after its application to the August 2002
flooding episode in the Alpine region and central Europe. There,
we showed both the relative importance of the marine source in
the Western Mediterranean during the initiation of the episode,
and the recycling of rainfall through land evaporation in vast areas
of the European continental landmass throughout the episode,
which illustrated the highly changing nature and distribution of
the moisture sources contributing to the episode. However, there
is a component of the water balance which was not included in
our modeling system: the direct evaporation of rain during its tra-
jectory from cloud to ground. To our knowledge, this component
has never been explicitly included in a modeling system devoted
to moisture source estimations. Nevertheless, Worden et al.
(2007) have shown the importance of its contribution in the trop-
ical water cycle: using the Tropospheric Emission Spectrometer on
NASA’s Aura satellite, they found that rainfall evaporation adds sig-
nificant moisture to the lower troposphere, with typically 20% and
up to 50% of the rain evaporating before it reaches the ground. This
mechanism, together with evapotranspiration from the tropical
forest, allows the temporal storage of some water in the lower tro-
posphere, which can later be used to both maintain and propagate
the cloud and rain production. Consequently, rain evaporation is an
added positive feedback to land evapotranspiration; they work
together for the propagation of rains into the continental landmass
of the summer hemisphere. Direct evaporation of falling rain also
contributes significantly to the heat and moisture budgets of
clouds, cooling the air and generating downdrafts which redis-
tribute heat and moisture (Braun and Houze, 1995); however,
few observations of these processes are available (Gamache et al.,
1993).
The question to be answered here is whether this mechanism is
also operating in the Mediterranean summer and, if so, to evaluate
its role in the inland propagation of precipitation. Thus, the main
objective of this manuscript is to enlarge the capabilities of our
modeling system MesoWat_Source, in order to cope not only with
surface moisture sources but also with direct rain evaporation, and
then to apply it to the central Europe flood episode of August 2002.
The results will give us an estimation of the relative importance of
this mechanism during the episode, and help us to evaluate its pos-
sible use for other types of rain episodes and regions. The paper is
organized as follows: in the next section we will describe the mod-
ification introduced to the version of the modeling system
presented in G11-b. Then, in Section 3, the results of the new
version are shown after its application to the evaluation of the
evaporative sources for the August 2002 episode. Differences with
the evaluations made with the old version are also discussed in this
section as well as a model sensitivity analysis and the estimation of
the time scale at which the rain evaporation operates in the mois-
ture feeding of this episode. Finally, Section 4 provides a brief sum-
mary of the results and the main conclusions.2. The modified modeling system
The modeling system MesoWat_Source is based in a series of
softwaremodules, which sharemeteorological and positional infor-
mation on water vapor parcels to evaluate and draw maps of evap-
orative moisture sources associated with selected precipitation
targets. The details of the methodology were published in G11-b,
and here we are showing the modifications introduced in order to
add a new capability to the modeling system: the evaluation of rain
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made together with the surface evapotranspiration at the same
time-lapses along the back-trajectory of every single parcel of
vapor. Fig. 1 shows the data-flow diagram of the modeling system.
Gray squares in the figure represent software modules, while white
squares are files exported between modules. The Regional Atmo-
spheric Modeling System (RAMS-v6.0) (Pielke et al., 1992) and
the HYbrid PArticle Concentration and Transport model (HYPACT-
v1.5) (Tremback et al., 1993) are freeware programs, and they have
been used for modeling, respectively, the meteorology and the
moisture back-trajectory transport from the rainfall target areas
back into the evaporative sources. The RAMS/REVU/GrADS module
makes use of the post-processing utilities of RAMS (named REVU-
v2.5) both to select a series of meteorological two and three-
dimensional fields from the RAMS analysis output, and to record
them in a GrADS gridded binary data file format
(Doty et al., 1995). The 3-D variables are recorded either at
constant sigma levels or interpolated at constant heights above
sea level. The GrADS binary files, with the packed meteorological
variables, are then used either for depiction of variables or for feed-
ing the vapor-emission and source-attributions modules. All three
of these modules, the one for recording the meteorological vari-
ables (RAMS/REVU/GrADS), the VAPOR_EMISSION_MODEL and
the SOURCE_ATTRIBUTION_MODEL were developed by our group.
The main changes, with respect to the old version in G11-b,
were made in the SOURCE_ATTRIBUTION MODEL. This module
can now evaluate not only surface evaporative sources but also
evaporation from falling precipitation, as described below. The lat-
ter calculation requires the use of two more variables: precipita-
tion mixing ratios and falling velocities. Thus, some additional
minor changes have been made in the RAMS/REVU/GrADS module
to record these variables in a modified version of the GrADS binary
files. However, the same hourly RAMS analysis output files of the
meteorological simulation described in Gangoiti et al. (2011a) are
useful for building the new GrADS binary files, because they
include all the microphysical species. As described in that contri-
bution, the set up of the mesoscale model RAMS included a prog-
nostic turbulent kinetic energy (level 2.5) parameterization
(Mellor and Yamada, 1982), with modifications for a case of grow-
ing turbulence (Helfand and Labraga, 1988), and a full-column
two-stream parameterization that accounts for each form of con-
densate (7 species) for the calculations of the radiative transfer
(Harrington et al., 1999). The cloud and precipitation scheme by
Walko et al. (1995) was applied in all the domains with all the
seven species activated, and the LEAF-3 soil vegetation scheme• HYPACT
Meteo_files
• RAMS
• +NCEP
• +Topo
• +SST
Emi
Sou
• +Land_use • VAPOR_EMISS
MODEL
Meteo_files
•RAMS/REVU/GRADS
Fig. 1. Data flow diagram of the modeling system. Gray squares represent sofwas used to calculate sensible and latent heat flux exchanges with
the atmosphere, using prognostic equations for soil moisture and
temperature (Walko et al., 2000). Fig. 2 shows the topography
and plant coverage of the RAMS domains. We used four two-way
nested grids, and the highest resolution Grid 4 completely covered
the target precipitation of the two selected regions: upper Austria
and south-eastern Germany (southern region, SR) and the Erz
Mountains region and western Czech Republic (northern region,
NR), marked with the open white rectangles in the figure.
The module in Fig. 1, named SOURCE_ATRIBUTION_MODEL,
now includes the evaluation of the vapor removal from a column
of precipitation: as far as a back-trajectory of the tracked mass of
water crosses a column with evaporating precipitation, we esti-
mate the difference of the precipitation mixing ratio at the top,
pc1, and bottom, pc2, of every grid-cell (Fig. 3). In a well-mixed
grid-cell of an evaporating precipitation column, the vapor concen-
tration increases as a result of vapor removal from falling
precipitation:
DCijk ¼ Cijk  Cbijk ¼ ðq1  pc1  q2  pc2Þ  vp  X  Y  DtZk  X  Y
 
ijk
ð1Þ
where q1 and q2 are the dry air density at the top and bottom
respectively of the grid-cell, occupying a volume ZkXY; Cijk is the
vapor concentration at the location (i,j,k); Cbijk is the background
concentration before mixing with the local contribution from the
falling precipitation, Vp is the precipitation falling velocity, and Dt
is the time lapse selected for the evaluation. As Cijk can be calculated
using the vapor mixing ratio wk at the grid-cell (Cijk = qkwk), then
assuming constant dry air density in a single grid-cell:
q1 = q2 = qk, the vapor removal ratio Rijk (DCijk/Cijk) from the precip-
itation column can be estimated using the following equation:
Rijk ¼DCijkCijk ¼
qkðpc1pc2Þ vp Dt
Zk Cijk
 
ijk
¼ qkðpc1pc2Þ vp Dt
Zk wk qk
 
ijk
ð2Þ
This ratio is used together with the total mass of water remain-
ing at time t in the tracked particle Mtw to calculate the vapor Mev
removed from the column, due to evaporation:
Mev ¼ Rijk Mtw ð3Þ
The total mass of water of the tracked parcel at the next time
step of the backward trajectories (t  Dt) will contain less water:
MtDtw ¼ Mtw Mev ð4Þ3D Trajectory
• SOURCE_ATTRIBUTION 
MODEL
_
files
ssion files 
rce locations
ION Attrb-Evap_files
Meteo_data
• GRADS
tware modules, while white squares are files exported between modules.
height (m)
Grid 3
Grid 1
Grid 2
NR
SR
Fig. 2. Topography and coverage of the four domains used for the meteorological simulation. Grid 4 is approximately coincident with the area of extreme precipitations and
has the highest resolution. NR and SR, inside Grid 4, are the precipitation target regions.
Fig. 3. The vapor concentration in a tracked parcel of vapor (in blue) experiments a
moisture increase as a result of vapor removal from falling precipitation in a well-
mixed grid-cell of an evaporating precipitation column. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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time step in the trajectory, while keeping track of the evaporation
at every point of the trajectories, for further post-processing.
The implicit assumptions in the described calculation are that
the total vapor in the grid-cell is greater than the vapor removed
from the precipitation (Rijk < 1), and thatDt is equal or smaller than
its time of residence in the grid-cell. Thus, we have chosen the
smallest value of the time step Dt < X/U, where X is the horizontal
resolution of the finest meteorological grid cell (9 km) and U is the
wind transporting the parcel of vapor. Using a time step of 180 s, a
wind velocity over 180 km h1 would be required to fully cross a
9 km wide cell. These wind velocities may be found in severe
weather, as is our case. Consequently, we found numerical
inconsistencies during the model runs using time steps well above
180 s (3600 s and 900 s), while the model results did not changeamong the different simulations when using 60, 120 and even
180 s.
Thus, in the new version both the surface evapotranspiration
and the evaporation from precipitation columns are estimated at
every fixed time step Dt = 120 s, starting at the target precipitation
(hourly data from 11 to 13 August) back to 27 July. The calculation
of the evaporation is made at every time step along the trajectory
by interpolation between the hourly RAMS analyses output. The
SOURCE_ATTRIBUTION MODEL always uses the meteorological
data obtained from the highest resolution grid-cell available
among the four domains.
Due to the fact that our aim is the estimation of evaporation
from the falling precipitation in dry layers existing below cloud,
our calculation operates only if the precipitation is located
between the ground level and the cloud base, the grid-cells have
no cloud water mixing ratio, and they are not saturated
(RH < 80%). Similar values are used as an upper limit for the evap-
oration of precipitation to occur in operational NWP models (Zhao
and Carr, 1997) in order to account for the effect of sub-grid vari-
ation in moisture. Conversely, this value for the RH was used in
G11-b as a lower limit for condensation to occur onto the different
species of precipitation in the VAPOR_EMISSION_MODEL, as in
Sodemann et al. (2008) and Wang et al. (1999). All the atmospheric
variables included in Eq. (2), with the exception of Vp, are readily
obtained from the RAMS output. It is possible, however, to
calculate a falling velocity Vp for the ‘‘average” precipitation of all
the six precipitating species in RAMS, using the total precipitation
rate and the mixing ratio of all the species at the first (lowest)
sigma level of the model. As there are no precipitation rates avail-
able at the remaining levels of the model, it is not possible to cal-
culate falling velocities for these levels. We estimated Vp for the
surface level and, after representing the results, most values in
our simulation were observed to fall between 3 and 8 m s1. The
potential use of these velocities at the lower level of the model
to be assigned to evaporating columns at upper levels is limited
by the occurrence of virga, with a total lack of precipitation at
ground level: for this specific rainfall episode, we have already
shown the absence of precipitation at ground level because of
intense evaporation at height, during the approaching trajectories
to the targets (G11-b). Thus, for these cases we could find no
TOTAL SEA LAND
1351,07 403,02 (30%) 948,05 (70%)
TOTAL SEA LAND
1012,81 272   (27%) 740,81 (73%)
SURFACE SOURCES. Target precipitaon in region SR
August 11-13, 2002. Scheme ColumnPBL
OLD VERSION: SURF_SOURCES (hm3) 
SURFACE SOURCES. Target precipitaon in region NR
August 11-13, 2002. Scheme ColumnPBL
(g/m2)
OLD VERSION: SURF_SOURCES (hm3) 
(a) (b)
Fig. 4. Surface sources for the rain falling over the targets SR (a) and NR (b), marked with open white squares, for the period August 11–13, 2002. The old version of the
modeling system with the Column_PBL scheme is used for the source attribution. The total evaporation (hm3) and the land-sea relative contribution are shown in the
underlying tables.
TOTAL SEA LAND FALL_PREC
1514,34 387,52 (26%) 911,61 (60%) 215,22 (14%)
TOTAL SEA LAND FALL_PREC
1214,03 250,71 (21%) 697,41(57%) 265,91 (22%)
NEW VERSION: SURF. AND PREC_SOURCES (hm3) 
(a) (b)
(g/m2)
(c) (d)
NEW VERSION: SURF. AND PREC_SOURCES (hm3) 
Fig. 5. Surface sources for the precipitation in targets SR (a) and NR (b), marked with open white squares, for the period August 11–13, 2002 (72 h of rainfall). Evaporation
from precipitation is also shown from the same targets SR (c) and NR (d) and period. The new version of the modeling system was used for the source attribution. The total
evaporation (hm3) and the land-sea-precipitation contribution are shown in the underlying tables.
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oration in the same precipitation column.
On the other hand, it is generally accepted that the lowest val-
ues for terminal velocity of liquid drops Vp (less than 3–4 m s1)
are related to drizzle and small drops (less than 1 mm), and thelargest velocities (8 m s1) to very intense rain and large drops
(3 mm). Larger drops have a greater chance of breaking up into
smaller drops, decreasing their terminal velocities. However
hailstones can be large enough to fall much faster than 8 m s1.
Yuter and Houze (2003), using a vertically pointing S-band Doppler
27-31 July (5days)
06-10 August (5days)
01-05 August (5days)
11 August (1day)
(a) (b)
(c) (d)
(g/m2)
TOTAL SEA LAND
51,50 hm3 12,22 (24%) 39,28 (76%)
TOTAL SEA LAND
39,78 hm3 14,02(35%) 25,76 (65%)
TOTAL SEA LAND
308,45 hm3 162,76 (53%) 145,7 (47%)
TOTAL SEA LAND
64,62 hm3 1,12(2%) 63,28 (98%)
Fig. 6. Surface sources attributed by the new version of the model to the precipitation in the region SR, on August 11 (24 h of rainfall). The evaporation sequence since 00 UTC,
July 27 is depicted in each of the four panels: (a) from July 27 to 31, (b) from August 1 to 5, (c) from August 6 to 10, (d) August 11. The total evaporation (hm3) and the land-sea
relative contribution are also shown in the underlying tables.
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from mean (45 min) 3.8 mm h1 to 6.6 mm h1, which took place
with falling velocities of 6 m s1, reaching 8 m s1. Larger values
(8–10 m s1 Doppler velocity) were registered under strong
downdrafts for mean precipitation rates of 22.3 mm h1. The men-
tioned precipitation intensities are within the range associated
with extreme rainfalls and floods in the Alpine region (Ulbrich
et al., 2003). Precipitation is observed to accelerate across the melt-
ing layer, to attain almost a constant value at a point between the
melting layer and the ground, well below the 0 C level (Sassen
et al., 2005). Our evaluations assume that the evaporation takes
place below the melting layer, when a constant velocity is attained,
as reported in Braun and Houze (1995). The bottom of the 0 C
isotherm is estimated by the model RAMS in every point of the
back-trajectories and our SOURCE_ATTRIBUTION MODEL checks
that the evaporation is not evaluated above it. We have assumed
a constant value of 6 m s1 as a reference or mean value for the
precipitation velocity to be used in Eq. (2), and compared the
results with the estimations based both with a larger falling
velocity of 8 m s1, which would correspond to very intense
rainfall rates and with a smaller velocity of 4 m s1, corresponding
to light rain (Yuter and Houze, 2003) The sensitivity of the
evaporative source estimations to changes in the assumption of
the different terminal velocities will be discussed in
Section 3.2.
In our evaluation, we also use the Column_PBL, instead of the
TOTAL_column scheme for the surface evapotranspiration, assum-
ing complete mixing within the Planetary Boundary Layer (PBL):following this scheme, moisture is added to trajectories only when
they are within the PBL, and the amounts added depend on the
local rate of evapo-transpiration, the time of residence inside the
PBL and its total moisture. More details of the evaluation method
are included in G11-b. The same evaporative domain, as in
G11-b, with an identical grid-cell size of 54 km, is used in order
to make our results comparable and test the impact of the new
software. Again, we are tracking individual hourly precipitation
events, so that we can map their moisture sources back to 27 July
2002, the starting point of our meteorological simulations; how-
ever, for convenience, this manuscript presents evaporation maps
associated with both daily and total (three-day) precipitation in
both target regions.3. Results and discussion
3.1. Results of the new modeling system and comparison with the
previous version
With the new methodology described in Section 2, the surface
evaporation was recalculated, estimating and mapping our first
evaporation fields from falling precipitation. For comparison, the
results of the old version are shown in Fig. 4: using the Column_PBL
scheme, the evaporation attributed to the total target precipitation
in regions SR and NR is shown, as well as the total evaporation
(1 hm3 = 106 m3) and the land-sea relative contribution for each
target. Both panels were made by adding the evaporation fields,
(a) (b)
(c)
27-31 July (5days)
06-10 August (5days)
01-05 August (5days)
(d)
(g/m2)
11-12 August (2days)
TOTAL SEA LAND
72,16 hm3 16,51 (23%) 55,64 (77%)
TOTAL SEA LAND
35,62 hm3 14,59 (41%) 21,02 (59%)
TOTAL SEA LAND
413,76 hm3 115,55 (28%) 298,22(72%)
TOTAL SEA LAND
189,62 hm3 18,36 (10%) 171,26 (90%)
Fig. 7. Same as for Fig. 6, but for the precipitation on August 12 (24 h of rainfall). The evaporation sequence starting at 00 UTC, July 27 is depicted in each of the four panels:
(a) from July 27 to 31, (b) from August 1 to 5, (c) from August 6 to 10, (d) August 11 and 12.
702 G. Gangoiti et al. / Journal of Hydrology 529 (2015) 696–710attributed to all the 72 hourly precipitation events in each target.
The results of the new modeling system, using the same scheme
for the surface attribution with an additional estimation of direct
evaporation in precipitation columns, are shown in Fig. 5. A con-
stant Vp value of 6 m s1 was used for this simulation. As observed,
surface moisture sources (Fig. 5a–b) do not change much between
versions: their regional distribution and total attribution are simi-
lar to those observed in Fig. 4a–b, though a slight decrease can be
observed in both land and sea evaporative sources (as shown in the
tables included in Figs. 4 and 5). The estimation of the ‘‘new” con-
tribution from precipitation is depicted in Fig. 5c–d. The spatial
distribution of the evaporation from precipitation columns is not
two-dimensional; however, total evaporation was amassed for
each grid-cell to obtain the results shown in the figures. Now the
observed bands correspond to evaporation in precipitation col-
umns while air trajectories cross them in their convergence to
the targets. Following the results shown in the tables, included in
Fig. 5, the total amount of evaporation from falling precipitation
averages around 18% of the total sources for both targets. The esti-
mated increase in the total moisture attribution, roughly equal to
the direct evaporation in precipitation columns (see tables in
Fig. 5), is made at the expense of the water vapor remaining with-
out attribution in the old version.
Significant changes in the origin of the water vapor responsible
for the daily precipitation were detected and discussed in G11-b.
Now, it was expected that MesoWat_Source could reproduce these
changes. The sequence of the surface evaporation maps attributed
to the daily precipitation in the SR region, on August 11, 12, and 13
is shown in Figs. 6–8, respectively. Each figure shows, in a four-panel sequence, the evaporation evaluated from the beginning of
the simulation period (00 UTC, July 27). Consequently, the addition
of all the panels a–d included in Figs. 6–8 will result in the
evaporative sources represented in Fig. 5a. Panel (d) in Figs. 6–8
represents, in each figure, the evaporation during a variable time
lapse of 1–3 days, depending on the rainfall date, August 11–13,
respectively. The remaining panels represent 5 days of
accumulated evaporation, attributed to the corresponding 24 h of
precipitation. As a consequence, panels (a), (b), and (c) are compa-
rable throughout all Figs. 6–8, because they correspond to the
same 5-day period of evaporation. However, the evaporation in
panel (d) cannot be compared among the different figures, because
it occurred during a variable evaporation time, ranging from 1 day
(Fig. 6) to 3 days (Fig. 8). The same color shading scale has been
kept throughout all the panels. Every panel includes a table with
the total evaporation (in hm3) attributed to both land and sea
surfaces as well as their relative contribution to the total surface
evaporation. To facilitate the comparison, the selection of
sequences in the figures, the color arrangement and tables are also
kept similar to those shown in G11-b.
As was the case for the surface evaporative totals in Figs. 4a and
5a, when we compare the old and the new version of the model, no
significant differences are observed in the time evolution of the
evaporative sources associated with the daily precipitation target
in Figs. 6–8: neither the absolute evaporation nor the relative
strength (percentage) of the land-sea evaporation with respect to
the total strength of the surface sources show significant changes
between the results of both versions. Consequently, the results of
MesoWat_Source show now similar evaporative sources to those
(a) (b)
(c) (d)
(g/m2)
27-31 July (5days)
06-10 August (5days)
01-05 August (5days)
11-13 August (3days)
TOTAL SEA LAND
12,86 hm3 4,22 (33%) 8,63 (67%)
TOTAL SEA LAND
4,53 hm3 1,82 (40%) 2,71 (60%)
TOTAL SEA LAND
74,37 hm3 16,57 (22%) 57,81 (78%)
TOTAL SEA LAND
32,08 hm3 9,78 (30%) 22,30 (70%)
Fig. 8. Same as for Fig. 6, but for the precipitation on August 13 (24 h of rainfall). The evaporation sequence starting at 00 UTC, July 27 is depicted in each of the four panels:
(a) from July 27 to 31, (b) from August 1 to 5, (c) from August 6 to 10, (d) August 11, 12 and 13.
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in the origin of the water vapor throughout the whole episode is
well-represented in the evaporation tracks drawn in panels
(c) and (d) of Figs. 6–8, which contain the main fraction of the total
amount of surface evaporation: the most important sources were
located to the SE and S on August 11, and to the NW and N on
August 13, while the transition occurred around midday on August
12.
The contribution from precipitation columns is made at a differ-
ent rate than that from surface sources and the ratio of local to
remote source contribution is also different from surface sources:
Figs. 9–11 show the estimated source distribution for the daily pre-
cipitation target of August 11–13, respectively, following the same
panel arrangement and shaded color scales as for the surface evap-
oration. From the perspective of the target region SR, the local con-
tribution during the convergence trajectories for the last two days
seems to dominate remote sources. It corresponds mainly to evap-
oration en route occurring within precipitation columns over land,
and close to the target. This is never the case for the surface-
sources contribution, which accumulate important amounts of
moisture during a longer period of 6–7 days before the precipita-
tion episode, as observed in panels (c) and (d) of Figs. 6–8. A much
less important contribution from falling precipitation, over remote
areas of the Atlantic Ocean, is also shown in Figs. 9–11 in a large
oceanic region between the southeast coast of Greenland and west
of Iceland (Figs. 10 and 11).
As for the case of the SR target, the NR target shows no signifi-
cant changes in the time evolution of the surface evaporative
sources estimated by the new version with respect to the old one(not shown). Considering the contribution from precipitation
columns, the evaporation en route during the last two days of the
convergence trajectories into the target NR also dominates remote
sources (not shown), as for the case of the SR target shown in
Figs. 9–11.
3.2. Model sensitivity to Vp changes
In order to test the model sensitivity against the uncertainty
introduced by the assumption of a constant Vp value of 6 m s1
for the falling velocity of an evaporating column of precipitation,
we have tried a larger Vp value of 8 m s1. Following the discussion
in Section 2, this is intended to result in an estimation of the sen-
sitivity of the model to Vp changes. In addition, this new evaluation
(named Vp_8) will allow us to monitor how the Vp change affects
the previous estimation (named Vp_6) of the surface sources, since
both types of sources are coupled because of a joint evaluation
from an initial fixed amount of vapor transported inside the
tracked parcels, as explained in Section 2.
Using the same Column_PBL scheme as for the results of the
Vp_6 simulation shown in Fig. 5, Fig. 12 shows the moisture
sources attributed to the total (three-day) target precipitation for
the Vp_8 simulation. Falling precipitation sources (Fig. 12-
bottom) and evapotranspiration (Fig. 12-top) are represented for
each target, following the same color scale to enable an easy com-
parison. The regional distribution of both types of sources seems to
be similar to those observed in Fig. 5. The results presented in the
tables in Figs. 5 and 12 show a slight decrease in both land and sea
evaporative sources of simulation Vp_8with respect to Vp_6, about
(a)
27-31 July (5days)
(b)
01-05 August (5days)
(c)
06-10 August (5days)
(d)
(g/m2)
11 August (1day)
TOTAL SEA LAND
2,57 hm3 1,08 (42%) 1,48 (58%)
TOTAL SEA LAND
2,63 hm3 0,47 (18%) 2,16 (82%)
TOTAL SEA LAND
17,88 hm3 12,69 (71%) 5,18 (29%)
TOTAL SEA LAND
20,31 hm3 1,92(9%) 18,39 (91%)
Fig. 9. Sources of rain evaporation for the precipitation in the SR region, on August 11 (24 h of rainfall). The evaporation sequence starting at 00 UTC, July 27 is depicted in
each of the four panels: (a) from July 27 to 31, (b) from August 1 to 5, (c) from August 6 to 10, (d) August 11. The evaporation within rainshafts falling on land, over the sea and
totals (hm3) are also shown in the underlying tables.
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the relative contribution (percentage) of the sea and land sources
to the total evaporative sources show a significant change between
both simulations. Conversely, evaporation from falling precipita-
tion does show a net increase in Vp_8. The percentages of the fall-
ing precipitation sources relative to totals in the evaluation Vp_8,
17% and 25% for targets SR and NR, respectively (Fig. 12), show also
an increase in both targets with respect to the results in Fig. 5 (14%
and 22% for the same targets). Consequently, if we consider the
contribution of all type of sources, our simulations show a net
increase of the total attributed evaporation for Vp_8, mainly due
to the increase in the estimation of evaporation from falling
precipitation.
The changes in the regional distribution of the moisture sources
induced by the Vp_8 and Vp_6 evaluations are depicted in Fig. 13:
differences in the estimation of both surface evapotranspiration
(Fig. 13, top panels) and falling precipitation sources (Fig. 13, bot-
tom panels) with respect to the results shown in Fig. 5, have been
mapped for both targets SR (left panels) and NR (right panels). For
convenience, color shading scales are maintained invariable for
positive differences and new gray scales are used for negative ones.
In order to show positive differences in an adequate color scale, the
simulations with smaller estimations were subtracted from the lar-
ger ones: Vp_6–Vp_8 for the top panels, and Vp_8–Vp_6 for the bot-
tom panels. Differences in source intensity decrease with distance
to targets SR and NR in all panels but, close to the targets, very
small values (less than 15 g m2) can be found for the surface
sources (top panels), while differences up to 250–750 g m2 are
observed for the falling precipitation sources (bottom panels).In summary, and according to these results, an assumed
increase from 6 to 8 m s1 in the velocity of the falling
precipitation results in an increase of the contribution of the
precipitation sources, and in negligible changes in the estimation
of the surface evapotranspiration, including both total amount
and regional distribution. The increase is mainly due to the differ-
ences in the precipitation sources located close to the target and
within the final convergence trajectory. As a consequence, the total
amount of evaporation from falling precipitation increases from
18% to 21% of the total sources. The results of the Vp_4 simulation
(not shown) confirm a corresponding decrease of the contribution
of the falling precipitation to 14% of the total sources and negligible
changes in the surface sources.
3.3. Time-scales of the atmospheric moisture accumulation
Following the evaporation sequences discussed in Section 3.1,
we showed that the contribution from precipitation columns to
the atmospheric moisture is made at a different rate than the con-
tribution from surface sources. The time sequence of the accumu-
lation of water vapor in the atmosphere for the three-day period of
the target precipitation is depicted in Fig. 14, for the Vp_6 simula-
tion. Surface sources (top) are separated from precipitation sources
(bottom), and the SR (left) and NR (right) targets are also
represented separately to search for differences in the evaporation
process. The x-axis shows the number of days preceding every
daily precipitation target (11–13 August). Color bars represent
accumulated evaporation (hm3) for each daily target and the black
solid line corresponds to the total accumulation for the three-day
(a)
27-31 July (5days)
(b)
01-05 August (5days)
(c)
06-10 August (5days)
(g/m2)
11-12 August (2days)
(d)
TOTAL SEA LAND
2,73 hm3 2,04 (75%) 0,69 (25%)
TOTAL SEA LAND
3,03 hm3 0,56 (18%) 2,47 (82%)
TOTAL SEA LAND
6,27 hm3 3,31 (53%) 2,96 (47%)
TOTAL SEA LAND
94,8 hm3 0,50 (1%) 94,3 (99%)
Fig. 10. Same as for Fig. 9, but for the precipitation on August 12 (24 h of rainfall). The evaporation sequence starting at 00 UTC, July 27 is depicted in each of the four panels:
(a) from July 27 to 31, (b) from August 1 to 5, (c) from August 6 to 10, (d) August 11 and 12.
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columns of precipitation and added to the atmosphere since July
27, is 215.63 hm3 and 265.91 hm3 for the SR and NR targets respec-
tively, as shown in the table included in Fig. 5. These values corre-
spond to the totals (day 1) drawn in panels c and d of Fig. 14: the
final point on the solid black line. Surface evaporation totals (ter-
restrial and marine evaporation), shown in the same table included
in Fig. 5, also have a correspondence to the total accumulation of
moisture since July 27, represented by day 1 in Fig. 14 (top panels).
There are important differences in how both types of sources,
surface evapotranspiration and falling precipitation, contributed
to the moistening of the atmosphere: these differences are
observed by comparing the top and bottom panels in Fig. 14. Mois-
ture accumulation due to surface sources follows a pattern of expo-
nential growth, which shows an important accumulation rate for
the last 6–7 days, while precipitation sources show a similar rate
only for the last 2 days. Comparable results were obtained for the
time sequence of the accumulation of vapor during the Vp_8 sim-
ulation (not shown).
The exponential function is an intrinsic characteristic of a quan-
tity (i.e. water vapor in the atmosphere) growing at a rate propor-
tional to its current value. Eq. (8) in G11-b, for the evaluation of
surfaces sources, and Eq. (3) in this manuscript, for the precipita-
tion sources, represent vapor accumulation rates proportional to
the actual values present in the atmosphere. Thus, we expected
an exponential growth for the accumulation of vapor from both
types of sources. However, our evaluations (Fig. 14) show differ-
ences more likely related to the availability of moisture during
the trajectory of the parcels containing the target vapor, accumu-lated by crossing rainfall columns and/or by mixing inside the
PBL. In this context, the growth rate changes observed in the vapor
accumulation pattern from falling precipitation makes sense: its
rapid growth during the last 2 days follows the increase in the
occurrence of precipitation columns during the final convergence
trajectories close to the targets. The period of enhanced evapora-
tion is well documented in panels d of Figs. 9–11, corresponding
to the daily SR target precipitation of August 11–13, respectively.
A different problem of source availability arises for the vapor
uptake from surface sources. Contrary to the falling precipitation,
surface sources are ubiquitous. The uptake, however, only occurs
when a trajectory transporting the target vapor is inside the PBL.
The impact of the Column_PBL scheme in the evaluation of the
vapor accumulation can be examined by comparing its results with
the estimations using the TOTAL_column scheme, which imposes a
complete mixing in the whole troposphere. This question was
already addressed in G11-b, where we showed that differences in
the results of both schemes were related by changes in the PBL
height during the vapor trajectories: increased amounts of vapor
are trapped and vented into the parcels while crossing mixing lay-
ers over land during the approaching trajectories, while there is a
limited contribution from the marine boundary layer in remote
areas of the Atlantic Ocean. On the contrary, the TOTAL_column
assumes a continuous vapor uptake from surface sources for all
the trajectories. Fig. 15 shows both evaluations, Column_PBL (solid
black line) and TOTAL_column (dotted), for the SR (left) and NR
(right) targets. The TOTAL_column shows a higher rate of vapor
accumulation, at least during the initial period, far from the target
region (9–18 days before the precipitation events), while the
(a)
27-31 July (5days)
(b)
01-05 August (5days)
(c)
06-10 August (5days)
(d)
11-13 August (3days)
(g/m2)
TOTAL SEA LAND
2,03 hm3 1,78 (92%) 0,25 (8%)
TOTAL SEA LAND
1,32 hm3 0,46 (91%) 0,86 (9%)
TOTAL SEA LAND
3,07 hm3 0,68 (60%) 2,40 (40%)
TOTAL SEA LAND
58,59 hm3 4,71 (13%) 53,88 (87%)
Fig. 11. Same as for Fig. 9, but for the precipitation on August 13 (24 h of rainfall). The evaporation sequence starting at 00 UTC, July 27 is depicted in each of the four panels:
(a) from July 27 to 31, (b) from August 1 to 5, (c) from August 6 to 10, (d) August 11, 12 and 13.
706 G. Gangoiti et al. / Journal of Hydrology 529 (2015) 696–710Column_PBL estimations show a lower rate for the same period;
however, it increased rapidly for the last 6–7 days of the conver-
gence trajectories. This increase is mostly made at the expense of
an enhanced contribution of recycled rain from land evapotranspi-
ration (G11-b). A further increase is observed in the accumulation
rate of the tracked vapor while approaching the target when the
direct contribution of the falling precipitation sources is included
in the evaluation and added to the surface evaporation estimated
with the Column_PBL scheme (solid red line in Fig. 15); this
results in slightly larger values than those estimated with the
TOTAL_column scheme.
As discussed in G11-b the caveat on this estimation lies in the
use of the prescribed limited domains, selected to evaluate mois-
ture sources. Vapor transporting trajectories which cross the outer
boundaries are definitely lost for the calculation, and more remote
sources cannot be estimated. Assuming that the loss of vapor
across the boundaries has a similar origin outside than inside the
domain, the estimated final partitioning between surface and pre-
cipitation sources, 82% and 18% respectively, will not need any cor-
rection. In addition, if this trans-boundary transport were
significant during the 6–7 days preceding the rainfall episode and
concurrent to the increased accumulation rate discussed above,
our curves in Figs. 14 and 15 could be questioned, because they
would have been estimated by using the wrong amount of vapor,
due to losses across the boundaries. Consequently, it is important
to identify when a significant amount of vapor is lost out of the
domain. Fig. 16 shows the percentage of the mass of vapor lost
by crossing the outer boundaries relative to totals emitted at the
rainfall targets NR and SR, and as a function of time (days) preced-ing the rainfall episode. Less than 10% of the mass is lost before the
9th day of travel from the source. Then, in only one day, the
percentage increases to 15–20% and keeps rising up to 40% after
18 days, which corresponds to July 27. Thus, the estimated vapor
accumulation rates shown in Figs. 14 and 15, together with the
maps of moisture sources since August 4, will not show a
significant modification derived from vapor leakage across the
boundaries.
3.4. Feedback mechanisms for inland propagation of precipitations
The observed acceleration in vapor accumulation by local rain-
fall sources while approaching an inland precipitation target is a
hidden aspect of the water cycle, which could put land-use
changes in a new perspective with respect to changes in the pre-
cipitation regimes of deforested regions (Millán et al., 2005). This
issue will be addressed in future research.
We already showed in G11a-b that, for the August 2002 epi-
sode, the inland propagation of the rainfall events into an excep-
tionally large region of southern-central Europe was favored by
the efficiency of the vapor transport after new evaporation en route
over already wet lands, which compensated the rainfall losses.
Now, the estimated amount of direct evaporation from precipita-
tion columns (averaging around 18% of the total sources), with a
main fraction evaporated very close to the target regions, is shown
to be an added positive feedback to the inland transport efficiency
of vapor over wet lands. This mechanism works ‘‘near” the target
area, at a time-scale of 2 days, and adds to surface evapotranspira-
tion, which works at a larger time-scale of 6–7 days. Following the
(a) (b)
(d)(c)
Vprec= 8 ms-1 
(g/m2)
NEW VERSION: SURF. AND PREC_SOURCES (hm3) NEW VERSION: SURF. AND PREC_SOURCES (hm3) 
TOTAL SEA LAND FALL_PREC
1553,52 384,48 (25%) 902,78 (58%) 266,26 (17%)
TOTAL SEA LAND FALL_PREC
1256,45 246,93 (20%) 687,84 (55%) 321,68 (25%)
Fig. 12. Surface and rain evaporation sources estimated using a larger value for the terminal velocity of falling precipitation in simulation Vp_8: as in Fig. 5, surface sources
attributed to target SR (a) and NR (b) for the period August 11–13, 2002 (72 h of rainfall) are shown together with evaporation from falling precipitation for the same targets
SR (c) and NR (d). The total evaporation (hm3) and the land-sea-precipitation relative contribution are shown in the underlying tables.
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out to be very effective in removing rainfall from inland precipita-
tion when no moisture is added from a previously wet surface or a
precipitation column. The described mechanisms worked effi-
ciently for this episode, but it should be of great interest to explore
their importance during other episodes of Mediterranean cycloge-
nesis, with severe rainfalls in large regions of southern and central
Europe, or a set of more local rainfall events developed during
afternoon summer storms. These issues will be addressed in future
research, including other locations and different seasons.4. Summary and conclusions
A modeling system based in two state-of-the-art atmospheric
simulation tools, a Lagrangian particle transport model (HYPACT)
and a mesoscale meteorological model (RAMS), has been used to
evaluate both surface and falling precipitation evaporative mois-
ture sources for a rainfall episode. The system also integrates addi-
tional software modules for vapor emission and source attribution.
This methodology has been shown to be very effective in ascertain-
ing the relative roles of land, marine, and direct rainfall sources,
and also in discriminating the spatial and time-scales involved.
The initial version of the method, first described in G11-b, was
designed to estimate and map only surface sources, taking advan-
tage of a full 3-D description of the trajectories of vapor parcels
transporting the target precipitation and an adequate simulation
of cloud microphysics, precipitation, evapotranspiration, and mix-
ing heights, among other variables. Now, the estimation of evapo-
ration from precipitation columns has been integrated into themodeling system, and it is made along the trajectories of the vapor
parcels, at the same time steps as the surface evaporation. This
new version has been applied to the re-evaluation of the evapora-
tive moisture sources of the central European extreme rainfalls of
August 11–13, 2002, described in G11-b, allowing for a comparison
of the impact of the modifications in the estimation of sources.
Our results show that no significant changes are observed in the
behavior of the surface evaporative regions, even though the model
is now removing additional amounts of vapor from back-
trajectories crossing the rainfall columns in order to be assigned
to precipitation evaporation. This additional vapor attribution is
made at the expense of the water vapor remaining without attribu-
tion in the old version. The estimated amounts of direct evapora-
tion from precipitation columns average around 18% (14–21%) of
the total evaporative sources. They are based in the assumption
of an average velocity of 6 m s1 (4–8 m s1) for the precipitation
occurring below cloud. Regional differences are also found in the
relative contribution of the precipitation sources with respect to
all the evaporative sources, with a lower fraction of 14% for the
region SR, and 22% for the NR region (Vp_6 simulation), probably
related with longer trajectories over land for the latter. The per-
centages are comparable to the estimations by Rosenfeld and
Mintz (1988) for the evaporation during medium to very heavy
rainfall intensity events in central south Africa, by using radar
measurements. More recently, evaluations by Worden et al.
(2007), using the isotopic composition of water near tropical
clouds from the Tropospheric Emission Spectrometer on NASA’s
Aura satellite, showed estimations at a range of 20–50% for the rain
evaporation fraction, with respect to the total falling rainfall. These
estimations were made in an Eulerian frame of reference while our
Vp_6−Vp_8
Vp_8−Vp_6
(g/m2)
Fig. 13. Variations in the regional distribution of moisture sources induced by changing the terminal velocities assumed in simulations Vp_6 and Vp_8, shown in Figs. 5 and
12, respectively: differences in the surface evaporation Vp_6–Vp_8 (top panels) and falling precipitation sources Vp_8–Vp_6 (bottom panels) are shown for both targets SR (left
panels) and NR (right panels).
Target: SR Target: NR(hm3) (hm3) 
Vp_6; surface 
Vp_6; precipitaon
Vp_6; surface
Vp_6; precipitaon
Fig. 14. Time sequences of vapor accumulation (hm3) for the surface evaporation (top panels) and rain evaporation (bottom) during the 18 days of the Vp_6 simulation
starting from July 27, and for both targets SR (left) and NR (right). Color bars stand for the vapor accumulation representing the daily precipitation, while solid black lines
represent the 3-day totals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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source, in a Lagrangian framework. However, both types of evalu-
ations can be compared to each other if balance is assumed
between evaporation and precipitation, both at ground level and
inside the atmosphere; consequently, total evaporative sources
would equal total precipitation.
The contribution from precipitation evaporation is made at a
different rate than the contribution from surface sources: while
the rate of vapor accumulation from surface sources increasesrapidly during the last 6–7 days preceding the rainfall episode,
the main fraction of the contribution from precipitation sources
is made during the last 2 days. This results in an increased rate
of total vapor accumulation by the contribution of local sources,
which is a new positive feedback added to the efficiency of the
inland transport of moisture over wet and/or vegetation covered
lands, for this type of episodes in central Europe. This positive
atmospheric feedback can also turn out to be very effective in
removing rainfall from inland precipitation events when no
Target: SR Target: NR(hm
3) (hm3)
Fig. 15. Time sequences of vapor accumulation for the surface sources using both the scheme of complete mixing in troposphere, named TOTAL_column (dotted black line)
and the Column_PBL (solid line) for the SR (left) and NR (right) targets. When the direct contribution of the falling precipitation (Vp_6 simulation) is added to the Column_PBL
estimation (solid red line), the accumulation rate of the vapor is increased close to the target (days 3–1), exceeding the evaluations from the scheme of complete mixing in the
troposphere. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 16. Percentage of the mass of vapor lost by crossing the outer boundaries of the
largest domain, relative to totals emitted at the rainfall targets NR and SR, and as a
function of time (days) preceding the rainfall episode. Day 18 corresponds to July
27, 2002.
G. Gangoiti et al. / Journal of Hydrology 529 (2015) 696–710 709moisture is added during the trajectories. The mechanism worked
efficiently for this episode, but additional episodes, including other
locations, rainfall intensities, and seasons need to be explored.
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